Primary leaves of 7-to 9-day-old etiolated 
brief as 1 msec, pchld is transformed to chld (5) . Within 10 to 30 min following the illumination, chld is esterified to Chl and more pchld is synthesized (5) .
The amount of pchld in a dark-grown bean leaf is only about 0.3% of the amount of Chl which the leaf can accumulate if placed under continuous illumination. If, however, ALA is administered to the leaf in darkness, the organ will synthesize large amounts of pchld (16, 22) . Thus, it appears that one effect of illumination is to stimulate the synthesis of ALA (22) either by activation or synthesis of an enzyme which can produce this compound (15, 44) . Since essentially no other intermediates in the Chl biosynthetic pathway accumulate in darkness in the presence of ALA, it would appear that the other enzymes in this pathway are present and active at levels which do not limit Chl synthesis and that the synthesis of ALA is the rate-limiting step in Chl biosynthesis. The synthesis of ALA has been shown to be the rate-limiting step in bchl biosynthesis in photosynthetic bacteria (37) and in heme biosynthesis in animal tissues (23, 38) .
Granick (20, 22) reported that treatment of dark-grown barley leaves with a, a'-dipyridyl in the presence of ALA causes the synthesis of several porphyrin intermediates in addition to the synthesis of additional pchld. Among the intermediates are proto, Mg proto, and Mg proto ME. Of these three porphyrins, proto is considered to be an intermediate in both heme and Chl synthesis, while the magnesium porphyrins are specific to the Chl pathway (21) . Granick (22) also reported that dipyridyl increased the utilization of exogenous ALA from 20 to 40%. He argued that since dipyridyl or pyridine-2-aldoxime seemed to increase the total porphyrin yield from ALA, iron was probably not directly involved in the enzymes of the Chl biosynthetic pathway (21) .
The studies reported here indicate that the effect of dipyridyl on porphyrin synthesis in etiolated leaves appears to be at least 2-fold: (a) on the conversion of Mg proto ME to Chl and (b) on the biosynthesis of ALA. We have found that dipyridyl and related iron chelators stimulate the biosynthesis of these porphyrins in the absence of exogenous ALA, which suggests that one effect is to mimic the administration of ALA. plant material were performed under a dim Seven-to 9-day-old primary bean leaves petioles and vacuum infiltrated in test solutions. were then transferred to Petri dishes containing moistened with the appropriate test solution darkness for the indicated period. Excised 8-day-old leaves, cucumber cotyledons, and pea epicotyls similarly.
In Vivo Spectrophotometry. Absorption leaves were recorded with a Hitachi Perkin-Elmer spectrophotometer as previously described set to 0.5 nm (0.125 mm).
Leaf Iradiation. Leaves were irradiated xenon arc 3 cm from the leaf surface (13 Granick (20) as modified by Rebeiz et al. (47) . was vacuum-filtered through an asbestos-coated funnel, and the residue was resuspended volume of the extraction solution and filtrates were combined and the residue, fluorescent, was discarded. The combined with an equal volume of petroleum ether [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] to remove Crystalline standards of copro and proto methyl esters were hydrolyzed in 3 N HCl for 12 hr. This yielded a mixture of partial esters as chromatographic standards (20) . After hydrolysis, the solution was neutralized with saturated sodium acetate, and the porphyrins were extracted into ether. These ether solutions were then dried and concentrated, as previously described, before application to chromatograms. Zn proto DME was prepared by the method of Ellsworth and Lawrence (11) .
Determination of ALA and ALA Synthetase. ALA was estimated by a modification of the methods of Urata and Granick (55) and Mauzerall and Granick (42) . One g of leaf tissue was ground in a mortar with 7 ml of 5% trichloroacetic acid. The suspension was clarified by centrifugation and the supernatant applied to a column (0.7 x 6 cm) of Dowex-50X8 (200-400 mesh) in the H+ form. The column was then washed with10 ml of distilled H20 followed by 7 ml of 0.5 M sodium acetate. An additional 5 ml of 0.5 M sodium acetate were applied to elute the column, and the eluate was brought to pH 4.6 with 1.1mlof 1 N HCl. One-tenth ml of acetyl acetone was added to the solution which was then placed in a glass-stoppered volumetric flask and immersed in a boiling H20 bath for 10 min. After cooling, the pH was adjusted to 8.5 with 0.85 ml of 2 N KOH, and the solution was applied to a column (0.7 2.0 cm) of Dowex-1X8 (200-400 mesh) in the acetate form. The column was washed with 6 ml of H20 followed by 4 ml of 0.1 N acetic acid. The ALA-pyrrole was eluted with ml of methanol-glacial acetic acid (2:1, v/v). One and one-half ml of the eluate were combined with 1.5 ml of modified Ehrlich's reagent, and the absorbance at 552 n was determined 15min later using Em'M = 53.0.
The identity of the pyrrole was confirmed by chromatography with authentic ALA-pyrrole on thin layers of cellulose in l-butanol-l N NH3 (1:1, v/v). The pyrroles were visualized by spraying with Ehrlich's reagent.
To assay for ALA synthetase, primary leaves of 8-day-old etiolated bean seedlings were vacuum-infiltrated in 1 24 C, and the in vivO absorption spectrum 12 was determined (Fig. 1 ). These leaves differ conspicuously from untreated leaves in having absorption peaks at 552 and 590 nm. In addition, the absorption at 633 nm is higher than 9 that at 650 nm, indicating a greater proportion of pchld., the species of pchld which is not directly phototransformable to 6 chld (13, 14, 16, 22) , as compared to phototransformable pchld., the pchld species associated with the pchld holochrome 3 (13, 14, 16, 22) . Fivemin after irradiation of either control (not shown) or treated leaves with a 1-msec light flash, the absorption 0 at 650 nm has diminished, and the absorption peak at 683 nm associated with chld has appeared. However, the 552 and 590 nm peaks are essentially unchanged in the treated leaves ( 2 Componenit II, RF = 0.70, these studies (see "Results" for details).
These studies. 4 Component IV, RF = 0.11, these studies (see "Results" for details). I Chromatographed in benzene-ethyl acetate-ethanol (4:1:1) (RF = 0.96) and eluted into acetone-methanol (4:1). 6 Component I, RF = 0.54, these studies (see "Results" for details).
The change in Mg proto (ME) and in pchld in both dipyridyltreated as well as H20-treated leaves, as a function of time, is shown in Figure 3 . Synthesis of these porphyrins is linear over the entire 21-hr incubation period, and there is no apparent lag or induction period. These results indicate that dipyridyl stimulates the synthesis of magnesium porphyrins in bean leaves.
Chromatographic Separation and Pigment Characterization.The crude ether extract obtained from both control and dipyridyl-treated etiolated bean leaves was chromatographed on silica gel. The result is shown in Figure 4 . Extracts of control leaves contain essentially one porphyrin, a green spot exhibiting red fluorescence under a Wood's lamp, with RF = 0.54. Extracts of dipyridyl-treated leaves contain at least four porphyrins which were eluted and characterized. A fifth pigment, with R, = 0.35, was found in trace amounts and not further characterized. One of the four porphyrins resembled the single porphyrin found in control extracts. This porphyrin, also green with red fluorescence, with RF = 0.54, appeared to be a major component in the extract. However, a reddish brown spot exhibiting orange fluorescence, with RF = 0.70, was also a major component. The other two porphyrin spots were estimated to be minor components. One of these resembled the major component with RF = 0.70 in its spectral properties but ran with RF = 0.17. The other was a faint brown spot, fluorescing red, with RF = 0.11.
Component I: RF = 0.54. Upon elution into acetone-methanol (4:1), the absorption spectrum of this porphyrin was determined and is shown in Figure 5 . The absorption spectrum of the porphyrin at this RF from both treated and untreated leaves resembles the absorption spectrum of pchld (32) . Absorption peaks were recorded at 431.5, 535, 573, and 625 nm (Table I) .
Component IH: RF = 0.70. The absorption spectrum of this porphyrin in acetone-methanol is shown in Figure 6 . Absorption peaks are evident at 416.5, 552, and 589 nm (Table  I) . This spectrum is similar to the absorption spectrum of Plant Physiol. Vol. 53, 1974 Mg proto (ME) (1, 10, 11, 17-20, 28, 47 ). An additional absorption peak at 471 nm is present in the eluate containing component II. A spectrally similar contaminant was also present in purified extracts of Mg proto derived from a Chlorella mutant and was thought to be a carotenoid (19) . A yellow nonfluorescent spot, probably a xanthophyll (cf. Fig.   1, ref. 47 ), was noted on the chromatogram (Fig. 4) ; its RF was slightly greater than that of component II. When the fluorescence activation spectrum of this component was recorded, no excitation band was observed at 471 nm (J. Duggan and M. Gassman, unpublished data), confirming the supposition that the absorption peak at this wavelength is attributable to a nonfluorescent contaminant such as a carotenoid.
The high RF (0.70) of the component in the benzene-ethyl acetate-ethanol solvent system suggests that it is probably Mg proto ME rather than Mg proto (47) . The solubility properties of this component further suggest that it has only one free carboxyl group. This porphyrin could not be transferred immediately to 2 N HC1 or to 0.1 N NH3; it could, however, be transferred to 0.1 N NH.-methanol (3:1) (20).
By comparison, Zn proto DME was found to have absorption bands at 345, 416, 545, and 583 nm in this solvent (Table I) .
Component III: RF = 0.17. The spectral properties of this component are identical to those of component II,-RF = 0.70 (Fig. 6 ). Since component II has a relatively low RF, its identity is probably Mg proto. Component IV: RF = 0.11. The absorption spectrum of this component in acetone-methanol is shown in Figure 7 . This spectrum is identical to the absorption spectrum of crystalline proto. By comparison with the chromatographically separated proto, proto ME, and proto DME (Fig. 4) , we conclude that this component is proto and that both carboxyl groups are not esterified.
Effect of Acid on Components II and III. Acid treatment followed by neutralization of these components converted them to compounds which are spectrally identical to authentic proto. Effect of Various Concentrations of Dipyridyl on the Induction of Porphyrin Synthesis. Eight-day-old etiolated bean leaves were infiltrated with various concentrations of a, a'-dipyridyl for 16 hr in darkness, the pigments extracted into ether, and the magnesium porphyrin content determined spectrophotometrically on the crude ether extracts. The results (Fig.  8) show that Mg proto (ME) content is a function of the concentration of inducer. Pchld content, however, exhibits a different response: concentrations of dipyridyl up to 1 mm induce pchld synthesis. Concentrations greater than this inhibit further pchld synthesis. Thus, it appears that dipyridyl has two effects upon this tissue: (a) induction of total magnesium Z. porphyrin synthesis and (b) inhibition of the conversion of Mg proto ME to pchld.
Compounds Active in Inducing Porphyrin Synthesis in Etiolated Bean Leaves. Table II presents the compounds which are effective in inducing the synthesis of Mg proto ME, Mg proto, proto, and pchld in etiolated leaves during a 16-hr incubation in darkness. Dipyridyl was also found to induce these same porphyrins in 8-day-old etiolated cucumber cotyledons, 8-day-old etiolated maize leaves, and 8-day-old pea epicotyls. All of the compounds in Table II are aromatic heterocyclic nitrogenous bases and are bidentate chelators; all form extremely stable complexes with iron (6, 25). One compound which did not elicit the porphyrinogenic response was bathophenanthroline sodium sulfonate. However, the large size of this molecule and its charged group may preclude its entering the leaves and reaching the site of synthesis, presumably in the etioplast. Even the most effective inducers, i.e. a , a'-dipyridyl and o-phenanthroline, showed evidence of restricted entrance and mobility (e.g. patches of fluorescence on the leaf at the lower concentrations). Toxic symptoms began to appear at concentrations ranging from 10 to 20 mm, depending upon the compound examined.
The following compounds were ineffective in inducing the synthesis of porphyrins, at the concentrations indicated: EDTA, 0.1 to 10 mM; diethylenetriamine pentaacetic acid, 1 to 10 mM; nitrilotriacetic acid, 0.1 to 10 mM; salicylaldoxime, 0.1 to 10 mM; salicylaldehyde, 0.1 to 10 mM; salicylic acid, 0.1 to 10 mM; bathophenanthroline sodium sulfonate, 1 to lieved to be very low in etiolated plant leaves in the dark and the level of ALA is considered to limit the rate of pchld (and porphyrin) synthesis (15, 16, 22, 44) , it appeared that the iron chelators might induce porphyrin synthesis by increasing ALA synthesis. To determine whether dipyridyl-induced porphyrin production involved ALA synthesis, the specific inhibitor of ALA utilization, levulinic acid (26, 45) , was applied to the leaves in the presence or absence of dipyridyl. This compound has been shown to cause ALA accumulation (2-4, 24, 26, 49 ) and inhibition of Chl synthesis (2, 3, 24, 49) in a number of organisms. The concentration of levulinic acid employed, 15 mm, was found to be optimal with respect to both ALA accumulation and inhibition of dipyridyl-stimulated porphyrin synthesis in bean leaves. Lower concentrations did not appreciably affect the dipyridyl-induced response and higher concentrations were toxic to the leaves over prolonged periods.
The results. shown in Table IV , demonstrate that levulinic acid does indeed inhibit porphyrin synthesis stimulated by dipyridyl over a 10-hr incubation period. In addition, there is a large increase in the ALA content of the leaves. Furthermore, ALA levels in dipyridyl-treated leaves are higher than those in untreated leaves, both in the presence and absence of levulinic acid (Table IV) . This supports the hypothesis that dipyridyl stimulates the biosynthesis of ALA. However, no ALA synthetase activity was detected in homogenates of dipyridyltreated or untreated leaves. DISCUSSION a, a'-Dipyridyl, o-phenanthroline, pyridine-2-aldoxime, pyridine-2-aldehyde, picolinic acid, and 8-hydroxyquinoline belong to a class of compounds which form extremely stable complexes with iron (6, 25) . These chelators are unusual in that their iron complexes are more stable than their copper, zinc, cobalt, or nickel complexes (6); i.e. they do not follow the Mellor-Malley series (43) for metal-chelator-complex stability to which compounds such as EDTA, salicylaldoxime, and sodium diethyldithiocarbamate belong. These compounds are aromatic heterocyclic nitrogenous bases which act as bidentate chelators. It has been proposed that the reason that these compounds form such stable complexes with iron is that the ironchelator-complex exists in the form of five-membered aromatic rings capable of assuming several resonance structures ( Fig. 9 ) (6). The stimulation of porphyrin synthesis by these iron chelators may result from the inactivation of an iron-protein which might inhibit the enzyme(s) governing ALA synthesis in etiolated leaves in darkness. The inactivation of the ironprotein-inhibitor would be accomplished by the removal of iron. Since other metal chelators do not evoke this response, we conclude that the stability of the iron-protein-inhibitor complex in vivo is quite high.
Another explanation for the stimulation of ALA synthesis by iron chelators is that there is an inactivation of an ironprotein repressor of the enzyme(s) governing ALA synthesis. However, the effect of dipyridyl was found to be relatively insensitive to 450 ,ug/ml chloramphenicol or 50 ,ug/ml cycloheximide (Table III) . The 42% inhibition of pchld synthesis by cycloheximide plus chloramphenicol may reflect the relative instability of the enzyme(s) controlling the synthesis of ALA or its precursors; i.e. approximately half of the level of these enzymes may turnover in 16 hr in the dark. The enzyme (s) controlling the synthesis of ALA was estimated to have an apparent turnover time of 10 (52) to 90 (44) min in irradiated barley leaves and 30 min in Chlorella (2, 3) . The longer apparent turnover time reported here may be due to the uncoupling of the enzyme(s) from a possible iron-protein inhibitor. In addition, the ALA synthetic enzyme may be unstable under irradiation. ALA synthetase in potato peels is reported to be inactivated in vitro by light (46) . Other enzymes of the porphyrin biosynthetic pathway may also turnover during this 16-hr dark period. This may also contribute to the diminution in total porphyrin yield in the presence of protein synthesis inhibitors. In any event, these results suggest that the hypothetical iron-protein is more likely to be an inhibitor of the ALA synthetic enzyme(s) than a repressor.
Iron plays an important role in both heme and Chl synthesis. The ferrous ion is incorporated into proto to form heme (33) . However, iron-deficient bacteria excrete large amounts of copro, a porphyrin which precedes proto (as the porphyrinogen) in the biosynthetic pathway (10, (34) (35) (36) 54 ). This observation is unusual because: (a) proto, rather than copro, might be expected to accumulate if iron were lacking for heme synthesis and (b) more copro is synthesized by irondeficient cells than can be accounted for by heme synthesis in iron-sufficient cells (34, 36) . Thus, various investigators have concluded that iron plays a catalytic role in the conversion of copro to proto in bacteria in addition to its stoichiometric role in heme synthesis (36, 54) . The discrepancy between copro excreted by iron-deficient cells and heme synthesized by normal cells has been explained by Lascelles (37) . Since her studies have shown that ALA synthetase, the rate-limiting enzyme in bchl and heme synthesis in the photosynthetic bacterium Rhodopseudomonas spheroides (37) , is inhibited and repressed by heme (37), she reasons that the level of this enzyme escalates when heme levels in the cell drop due to iron-deficiency (37) . The inability of the cell to sustain heme levels which can effectively corepress and/or inactivate ALA synthetase leads to the synthesis of large amounts of copro.
The following observations support the catalytic role of iron in the conversion of copro to proto: (a) Iron chelators such as o-phenanthroline and a,a'-dipyridyl inhibit cell extracts which can catalyze the conversion of coprogen to proto (50, 53) ; (b) addition of iron to suspensions of photosynthetic bacteria (10, 31, 36) or to tobacco leaf discs (27) , both of which are irondeficient, lowers their capacity to form copro from exogenous substrates and increases the production of bchl by the bacteria or proto by the leaf tissue. (c) a mutant of tomato exists which, if cultured in a medium which renders iron unavailable to the plant, will form copro from exogenous substrates but, if iron is made available to the plant by changing the culture medium, the mutant produces a normal phenotype and will synthesize considerably more proto and Chl from substrates while producing less copro (39) . It is interesting to note that etiolated bean leaves do not excrete any copro in the presence of iron chelators (Fig. 4) . Thus, if the bean enzyme which converts coprogen to proto contains iron, then these chelators are apparently unable to remove the iron and inactivate this enzyme.
Jones (29, 30) (Table IV) . Treatment of leaves with levulinic acid results in an inhibition of pchld synthesis and an increase in ALA levels. Dipyridyl-stimulated porphyrin production is inhibited by levulinic acid and the ALA content is further elevated. In contrast to the situation in algae (2), the molar reduction in porphyrin levels by levulinic acid in bean leaves results in an inhibition of pchld synthesis and in increase in ALA levels (24) .
There have been several reports dealing with the participation of iron in the biosynthesis of ALA. Brown (7) and Vogel et al. (56) presented evidence that Fe2" is involved in ALA synthesis in erythrocytes, and Marsh et al. (40, 41) reported that iron-deficient cowpea leaves were unable to synthesize ALA. On the other hand, Fe2' has been reported to inhibit ALA synthetase in R. spheroides (8) . Perhaps, an iron-protein inactivates ALA synthetase in dark-grown bean leaves and light alleviates this inactivation. Iron chelators might destroy this inactivator by removing the iron.
The stimulation of porphyrin synthesis by iron chelators provides a new and powerful tool for investigating the control of ALA and porphyrin synthesis in plant tissues. Despite their stimulatory effect upon ALA synthesis, these compounds have deleterious effects associated with their action; viz. the inhibition of the conversion of Mg proto ME to pchld (Fig. 8) . This, of course, suggests that the enzyme which acts on Mg proto ME may contain iron in a state similar to that of the complex which inhibits ALA synthetase. Jones (28) has observed Mg proto ME excretion into the growth medium of iron-deficient R. spheroides and has proposed that iron may be necessary for the conversion of Mg proto ME to Chl as well as in earlier steps. Studies are in progress to assess the role of light in relation to this response.
